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FOREWORD

This is a report of the work done by the bacteriology section
of The Fennsylvania State College research jrciect cn the blolcgical
effects of high intensity sound. The report includes experirental
work done from the inception of the project in the spring of 1949,
through the time when writing was started in Cct. 1951. The work
has been genercusly supported by the U.S,A,F. under Coniract AF
32(C38)-786, RDO No. R-695-63 "Effects of Vibration on AF lersonnel.”

This work was written up at this time at the specific request of
Major X, C, Fnarruck, project enginesr., The writing wns done by the
senicr bactericlogy and physics personnel, but the nctual experi-
rental work has been carried out by a large number of reople including
tke Tollowing:

James J. Reid, Professor of Bacteriology

lHelen L, Kinsloe, Instructor of Bacteriology

Alan I, Gutowitz, Craduate 3Stndent in Bacteriology
Bohdan R. Croman; Grriuate Studcnt in Bacteriology
Andrewv J, law, Graduate Student in PBacteriology
Jesse W, Tieman, Graduate Student in Bacteriology
Catherine F., Gray, Medical Technologist

Wesley L. Nyborg, Assistant Irofeassor of Physics
Robert .7, Nertney, Graduuste Student in Physics
Joseph W. Spencer, Graduate Student in lhysics
Ralrh Simon, Assistant Frofessor of lhrsics
Eugere Ackerman, Assistant Profes-or of Fhysics
Frederick F.. Bellas, Craduate Student ir Fhysics
William Holak, Graduate "tudent in Thysics

For tte first two vears this prolect was under tre direction of
Yarold ¥. 3chilling, Irofesscr of fhysics and Dean of the Gradnate
Zchool, and profited from his guidance, It iy currently under the
direction of V'ichasel A. Farrell, acting Director of the Agriculture
Experirent “tation and acting Vice-Dean of tie School of Apric:lture,



ABSTRACT

T™wo high intensity air borne sound generators, a siren and
a jer T type whistle, were used to study the effects of sound
on liquid suspensions of bacteria. Lethal effects and cellular
disruption were observed when the suspensions were expcsed in
specially constructed exposure chambers. These effects were

most pronounced with certain strains of Micrococcus ogenes
var. aureus but were irreproducible over a period of months.

The experiments failed to elucidate the mode of action of
the acoustic field in producing lethal effecta. The data do
show that bacteria can be killed in standing wave fields, with
maximum pressure amplitudes of a few tenths of an atmosphere
and maximum particle velocities of a few centimeters. The
threshold for these effects appears to be very sharp.

It 18 concluded that although thees sound sources are
impractical for enzyme or antigen extractions, they do indicate
a relative scale of bacterial sensitivity to these scund fields.
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(s o™

POREXT I, BLOUNT

Colonel, U3SAF (MC)

Chief, .ero Vedical Leboratory
Research Divizion

FOR THE CCMMANDING GENEKAL:



CONTENTS

SECTION I Introduction = = = = = = = = = =~ = = = = -

SECTION II Microorganisms and Microbiological
TechriQUeB = = = = = = = = = « = = = = = =

Strains of Microorganisms Employed -~ - - -
M:dia and Incubation Temperatures - - - - -

Studies in the Preparation of
Bacteriological Suspensions - « = - - - - -

Determination of Sonic Effects - - - - - -

Determination of the Release of Antigenic
Substances from Exposed Cells - - - - - - -

SECTION III Siren Experiments - - = = = - = = = = -~ = -
The Siren = = = = = = = = a o = o = = = = =
Development of Exposure Containers - - - -
Development of Exposure Techniques - - - -

Results of Exposure of Various Micro-
organisms in the Sound Field of the

Siren - - - - - = - - - - - - - - - - - - -
SECTION IV Whistle Experiments - - - = - = = = - - - -
The Type T Whistle - -« - = = = = =« ~ - - -
¥histle Survey - - = = = = = = = = = = - -
SECTION V Conclusions - - = = = = = = = = = =« = = - -
SECTION VI SUMMArY = = = = = =~ = = = = = = = = = = = =

BIBLIOGRAPHY - = = - - =~ = = = = = = = = = o o = =« = = =

VALS TR 522176 iv




FIGURE

n

= W

10.

11.

13.
1%,

15.

ILLUSTRATIONS

Cross section of 8siren - - - = = = = = = -« « - - -
Exposure container in positica above siren - - - -
Siran = - = = = = = =« - - N
Pregssure amplitude versus height above

dlaphragm for exposure container sahown

in Fig. 11; frequency 6.4 kc; free field

intensity 168.5 db above threshold at center

of diaphragm - = = - = = = = = = = ¢ = = = -« - - -
Pressure amplitude versus height above

diaphragm for exposure container shown

in Pig. 11; frequenciea 10.0, 15.0, and

24.5 kc; free fleld intensity 168.5 d4b above
threshold at center of diaphragm - = = = = = « = =
Exposure container - - = = = = = = =« = =« - - - « -
Exposure container - ~ - = = = = = = @ =« =« « = = =
Exposure container - = = = = = = = = - - - - - - o
Exposure contaliner - - = = = = = = = « = « - - - -
Erposure container with lucite ccocolant Jacket - -
Exposure contalner with lucite coolant jacket - -

Exposure container with lucite coolant jacket
and resonant cavity = = = =~ = = = = = = = & = - -

Exposure container - - = = = =« = = = @ o & - - - -

Plate counts made at intervals during the
exposure of a 48 hr culture of Micrococcus

ogenes var. aureus, Strain I, frequency 6.4 kc,
free field intensity 168.5db. - - - « - =« - - - -

Plate counts made at intervals during the
exposure of a 36 hr culture of Micrococcus

ogenes var. aureus, Strain I, frequency 6.4 kc,
%ree field intensity 168.5db - - - - - - -« ~ - -




PIGURE
16.

17.

18.

-19.

20.

21.

22.

23.

24,

Illustrations

Photomiocrograph of an unexposed &8 hr
culture of Micrococcus pyogenes var. aureus,
Strain I - = - = = © & = = = = 2 = = @ @ = ~ = - =

Photomicrograph of a #8 hr culture of M.

ogenes var, aureus, Strain I; exposed to the
sound fleld of the Biren, frequency 6.4 kc,
free field intensity 168.5 db for 10 min - « - - -

Photomicrograph of a #8 hr culture of M.

ogenes var. aureus, Strain I; exposed to the
sound fleld of the siren, frequency 6.4 kc,
free ield intensity 168.5 db for 20 min - - - - -

Photomicrograph of a 48 hr culture of M.

ogenes var. aureus, Strain I; exposed to the
sound field of the siren, frequency 6.4 ke,
free field intensity 168.5 db for 30 min ~ - - - -

Photomicrograph of a 48 hr culture of M.

ogenes var. aureus, Strain I; expcsed to the
sound fleld of the siren, frequency 6.4 kc,
free field intensity 168.5 4b for {o min - - - - =

Photomicrograph of a 48 hr culture of M.

ogenes var. aureus, Strain I; exposed to the
sound field of the siren, frequency 6.4 kec,
free field intensity 168.5 db for 50 min - - - - =

Photomicrograph of a8 48 hr culture of M.

ogenes var. aureus, Strain I; exposed to the
sound fi=1d of the siren, frequency 6.4 ke,
fres i1eld intensity 168.5 db for 60 min - - ~ - -

Photomicrograph of a 48 hr culture of M.

cgeneg var. aureus, Strain I; exposed to the
sound fileld of the siren, frequency 6.4 kc,
free fleld intensity 168.5 db for 70 min - -« - - -

Photomicrograph of a 48 hr culture of M.

ogenes8 var. aureus, Strain I; exposed to the
sound field of the siren, frequency 6.4 ke,
free field intensity 168.5 db for 80 min - - - - -

vi



Jllustrations

FICURR Page
25. Pressure amplitude in the exposure container

shown in Pig. 11 at frequencies of 5.0, 6.%,
10.0, 15.0, and 24.5 ke, free field

intensity 168.5db - - = = = = = = = = < = - - - - 50
26. Type T whistle = = = - - = « = = = v = = = = = = = 56
27. Type T whistles and exposure containers - - - - - 57

28. Block diagram of eguipment used for
measuring the sound fields in the 1igquid
inside the whistle chamber - - = = « = = = = = - - 59

RGO vii



SECTION I
INTRODUCTION

The lethal effects of high intensity acoustic filelds acting
on microorganisms suspended in a liquld medium have been known
for sometime. An excellent review 1s presented by Grevryr in Vol,
ITI of Medical Physics (3) so that no comprehensive review will
be attempted here.

The work to be described was initiated for several reasons.
The most important of these were the following two:

1) Most past work on bilological effects of sound _n liquid
has been carried out in poorly defined accustic flelds. Often
the DC voltage applied to the plate of the electronic oscillator
was the only recorded indication of acoustic fileld strength.
This makes the comparison of work by different people using
different equipment almost impossible. It was felt that test-
ing procedures and instrumentation had progressed at The
Pennsylvania State College to the point that acoustic fields
could be precisely described. (Thie feeling was in part based
on experiments in air borne sound and a failure to realize the
complications of 1liquid media.) To work with the physicists

" there were on the campus qualified and interested bacteriologlsts.
Thus the personnel and equipment appeared ideal for a project of
this nature.

2) It was desired to build apparatus for scnic disintegration
of bacteria which would be cheap, easy to construct and yet
reliable in its performance. It was hoped that the T type Jer
whistle would meet this requirement. Again whistles and adequate
physics and bacterioclogy personnel were all on campus.

It i8 our hope 1in writing this report that all of the sections
can be read with understanding by either a physicist or a bacterl-
ologiat. The numerous limitations which make our results hard
to interpret will be discussed. In particular we will indicate
why air borne sound sources are not very useful for bacterioclogy
experimrents.

The experiments described in this report depend on a) special
bacteriological techniques and b) a source of sound in air which
18 then coupled to the liquid. The two sound sources employed
were a whistle and a siren. When using the siren special exposure
chambers had to be constructed which we describe. Brlef descrip-
tions are given of both the whistle and the siren, to make thelr
physical forms and pertinent acoustic properties clearer to the
reader.

In general physical arents may exhibit four principal effects

WADC TR 52-176 -1 -
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on microorcanisms, namely: stimulation, attenuation, variation
and killing. The possibllity of demonstrating one or more of
these effects was considered in chcosing the species to be used
as test mlcroorranisms. Also in choosing the microorranisme
general zroup characteristics were considered. There are repre-
sentatives of the Gram posiftive non spore forming rods, one

spore forming species, Gram negative rods and Gram positive cocci.
Some of the species are strictly aeroblc while others are micro-
aerophilic or facultative in thelr oxygen requirements. Reslst-
ance to other physical arents such as heat and ultraviolet light
and optimum growth temperature were also conaidered. There are
plgmented and non pigmented species. hemolytic and non hemolytic,
as well as some that have been studied extensively in regard to
serological characteristics.

Amone the Gram positive coccl Micrococcus pyogenes var. aureus
represents a truly spherical cell and produces a characteristic
orange pigment. It is a standard test microorganism used by the
Federal Drug Administraticn for the evaluation of disinfectants
and is used for the testing of antibiotics. Also any change in
the ability of pathogenic strains of this species to produce
coagulase or hemolyze erythrocytes would be easily detected.
Micrococcus varians was chosen because of its thermoduric prop-
erty. oSarcina lutea represents a somewhat larger spherical cell
than any of the other cocci included in this study, the cells
tend to clump together very tightly in packets, it produces a
yellow pigment and 18 quite resistant to desiccation and ultra-
violet light as shown by its presence in air. The two Strepto-
coccus specles represent cells that tend to be slightly ovold
rather than truly spherical and tend to form chains rather than
clusters or packets. Streptococcus zymogenes will grow at a
higher temperature than Streptococcus lactis. The two speciles
are markedly different serologically as Streptococcus zymogenes
is a perfect example of the Lancefield Group D hemolytic strepto-
coccl and Streptococcus lactis 1is serologically more like the
viridans group and Diplococcus pneumoniae and 18 non hemolytic.
Both species are microaerophilic and do not produce catalase.

Of the Gram positive rocds Lactobaclillus casei, Corynebacterium
michiganense and Corynebacterium xerose were chosen because they
are non spore forming rods and do not exhibit marked resistance
to physical agents. Lactotacillus casel is acid tolerant and
microaerophilic. Corynebacterium xerose is a human parasite while
Corynebacterium michiganense 1s a plant pathogen. Bacillus
megatherium var. danicus was chosen because it is a relatively
large spore forming rod and is strictly aerobic.

Of the Gram negative rods Pseudomonas aeruginosa was choSen
because its abllity to grow on simple synthetic media would
make 1t useful In possible nutritional or other variation studies.
Also, 1t produces a pigment that diffuses into the medium while
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the other pigmented forms do not produce this type of pigment.
It 18 aerobic and hemolytic. Aerobacter aerogenes and Escheri-
chia coil are facultative intestinal organisms that are used as
an index of pollution in the bacteriological analysis of water.
Aerchacter aerogenes forms relatively large mucoid colonies
because of the proauction of capsular material. Escherichia
coli has been used by several other workers investigating the
effects of sound waves. Also there are a number of well

studied variant strains available. Serratia marcescens was
included because its pigment apparentiy heTps to protect it from
the destructive effects of ultraviolet light. Salmonella typhosa
has been extensively studied serclogically and also is used Ey

- the Federal Drug Administration as a tesat microorganism for the

evaluation of disinfectants.

The yeast, Saccharomyces cerevisise, was included because it
18 larger and has a more organized structure than a bacterial cell

and has been the subject of much physiological study. Also its
method of reproduction differs from that of dacteria.

SECTION II
MICROORGANISMS AND MICROBIOLOGICAL TECHNIQUES
STRAINS OF MICROORGANISMS EMPLOYED

The following 17 strains ‘'of microorganisms were used in this
investigation.

Micrococcus ogenes var. aureus. Three strains of this organ-
ism were uaeg and® have been designated as Straina I, II and III.
Strain I 18 the P D A strain #209. It is a Gram positive coccus
occurring in irregular clusters. Mannitol is fermented without
the formation of gas. An acid curd is produced slowly in litmus
milk, gelatin 18 liquified slightly and nitrates are reduced to
nitrites. This strain 18 non hemolytic and does not produce
coagulase. Strains II and III were isolated from human infections.
They are culturally and morphologically similar to Strain I except
that they are somewhat more active on milk and gelatin, beta
hemolytic and produce coagulase. All strains produce an orange-
vellow pigment on nutrient agar.

Micrococcus varians. The strain of this organism employed was
isolated from pasteurized milk in the Department of Bacteriology
of The Pennsylvania State College. The strain may be character-
ized as follows: the cells are Gram positive cocci occurring in
pairs, short chains and clusters. A light ye2llow pigment 1s

s T 176 -3 -



produced on nutrient agar. Litmus milk is turned acid in about
one week. Lactose, sucrose and glycerol are fermented with the
formation of acid but no gas. Mannitol is not fermented and
usually becomes alkaline. Gelatin 18 not attacked and the re-
duction of nitrates to nitrites is varisblie. At variouas intervals
throughout the investigation, the thermeduric prcperty of this
culture was checked. A freshly inoculated broth culture was
subjected to pasteurization temperature of 62.5°C for 30 min and
then plated to determine the number of viable cells. It was
found that, 1n every case, the counts of the treated cells com-
pared favorably with the untreated controls.

Sarcina lutea. Strain #65 in the culture collection of the
Bacteriology Department of The Fennsylvania State College was
used for this study. It 1s a Gram positive coccus, the cells
frequently occurring in packets of eight. Common sugars are

not fermented; nitrates are reduced to nitrites; hydrogen sulfide
is formed; indole production is s8light and litmus milk 18 coagu-
lated, tecoming alkaline in 2-3 days. A lemon yellow pigment 1s
produced.

Streptococcus lactis. The strain of this species used was 1lsolated
in our laboratory from a buttermilk starter culture and exhibits
morphological and cultural characteristics typlcal of the specles.

Streptococcus zymogenes. The straln of this organism used was
originally obtained from Dr. Rebecca Lancefleld, designated as
C-1, and 18 one of the strains used by her in establishing Group
D ~f the hemolytic streptococci. The strain was ovserved to con-
form to the deacription of Lancefield (5) except that gelatin is
not liquified.

Lactobacillus casei. Strain #102 in the culture c¢cllection of

The Pennsylvania State College was used. This strain was original-
ly obtained from the University of Wisconsin. This strain is not
qulite as active on carbohydrates as typlcal members of the species,

Corynebacterium xerose. This strain was obtained from the New
York State Department of Health, Division of Laboratories and
Research, as strai.; #39165 and 1s typical of the species.

Bacillus megatherium var. danicus. Strain #36 of The Pennsylvanis
State College culture collection was used. It is typical of this

variety.

Pseudomcnas aeruginosa. The strain of thiils species used was #205
from the culture collection of The Pennsylvania State College and

is typical of the specles.

Aerobacter aerogenes. A soil strain, #174 in the c.aliure collec-
tion of The Pennsylvania State CUollere, was employed in this study.
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This 18 typical of the motile stralns cf this upccles.

Lscherichia coll. OStrain #1069 of the culture collection of The
Pennsylvania State Ccllere was used, It iIs a metlle strain that
does not attacie sucrose, raffinose, sallcin and dulcitol.

Serratia marcescens. The American Museum strain, 7185 3n The
Pennsylvania State College culture cocllectlon, was :sed. This
strain 1s typical of the species.

In order to obtain a culture that wculd consistently produace
about 75% plgmented cclenies the following procedure was followed.
The culture was plated on nutrient arar using locp dilutlions in
series and from the colonies appearing a perfectly smooth well
pigmented one was selected for 1solation. This process was re-
peated seven times.

Salmonella typhosa. The lopkina strain, #116 1in the culture
Collection of The Pennsylvania State College and #6539 in the
American Type Culture Ccllection, was employed. This is the
strain used by the Federal Drug Administration as a test organism
in the evaluation of antiseptics by the Phenol coefficient method
and is typlcal of the speciles.

éacbharomyces cerevigsiae. This typical strain of baker's yeast
1s #257 in the culture collection of The Pennsylvanla State College.

All strains were tested at regular intervals to assure that
no change occurred in the morphoclogical or physiolegical character-
istics.

Media and incubation temperatures used for the cultivation of
these microorganisms were chosen as sultable to the particular
strain.

MMEDIA AND INCUBATION TEMPRRATURES

Standard Difco nutrient agar was used for the stock cultures
and for plating the following species: Milcrococcus pyorenes var,
aureus, Micrococcus varians, Sarcina lutea, Bac!llus megatherium
var. danicus, Pseudomonas aeruginosa, =Zscherichia coli, Serratia
marcescens and Salmonella typhosa.

Difco Tomato Julce Agar was used to carry the stoclk cultures
and also for plating of Streptococcus lactis and Lactobacillus
casel.

Four additional gm of agar were added to each liter of the
medium to make it sultable for plating purposas.

Because of fhe mlcrcaeropiiilic natire >f Lactobacillus casei




after thne 1nceuntlated plates had hardeaed & layer of nafnoculated
tomato Julece acrar wes poared ianto tne plotes to act as 2 seal.

Strenteccoccus zymorenes woe cultivated on Difco Sicek Culture
Apar as preliminary studies snowed ti!ls svbstrate to be guperior
{o nulrient agar,

An additional ¥.5 rm of arer were 2dded to each llter of
medium to make 1t siltable fer platine.,

Difco Tryptose Pnosphrte frar was used for tne cultivatlon
of Corynebacterium micnlrarense and Corynebacterium xercse. Tie
medium was prepared by addii: 15 rm of arar to o liter of Difco
tryptose phosphate brotn.

Difcc Wort Apar was used for tie cultivation of Saccharomyces
cerevisiae.

The followlinr ciltures were incubzted ot 37°C: I.icreccecus
oyepenes var. aureus, Micrococcus varlans, tireptococcus zymcgenes,
Corynebacterium mici:ifanense, Ccrynebacterium xercse, Baclllus
mepatherium var. denlcus, Pseudcmonas Aerupinosa, Aerorcacter
aerogenes, L8cherichia coll ard Selncecnella tyonosa.

The 1ncubation temverature used for iie followins cultures
was 319C: Streptococcus lactis, Lactobacillus casel and
Saccharomyces cerevisiae.

Sarciuna lutesa and Serratia marcescens were incubaced at rocm
temperature; nowever wiien non-pirmented c¢s/ltures of Serratia
marcescens were desired tne incubation was deone at 370C.

STUDIES IN THE PREPARATION OF BACTERIOLOGICAL SUSPENSIONS

Cri the basis of tne report of Hamre (4) and otner investigators
it was assumed that the initial concentration of the suspension
had 1littie 1if any bearinc cn the effect of the sound vave.
Extremely low concentrations were thougnt inadvisable because if
deatn declines were found to be lorcirithimie, the errcrs due to
plating would obscure tihe slopes. FExtremely iigh concentrations,
on the other nand, would be impractical, requirins extensive plat-
ing operations with corresponding materials and media and such
suspensions mirht interfere with the action of tie sound field (3).
Initial concentrations falling between 30 thousand and 2 billion
were finally chosen for the suspensions.

An iInvestigation was made to find a suspending medium that
would not effect tne viability of the cells. Comparison was
made of unbuffered saline (0.5 NaCl), a buffer solutlon con-
sisting of a 1:2 mixtare of a 1% solution of monosodlum phospnate
and a 1% solution of disodlum phosphate (pii 7.1') and a combinatlion
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of the buffer solution and physiological saline. Unbuffered
physiological saline was found to be as satisfactory bacteri-
ologically as the other solutions and was used in most of the
exposures.

The possibility that the organisms might increase or decrease
in numbers in the suspending medium was examined and 1t was found
that the organisms may be held in physlological saline in the
refrigerator at least three days without appreciable change in
numbers.

In cognizance of the poasiblliiy that the growth phase might
prove a factor in relative resistance to sonic waves, the growth
curves for Mlierococcus pyogenes var. aureus and Serratia marcescens
were determined thus making it possible to state the growth phase
of the organism at any exposure.

Preliminary studlies indicated that great care must be taken
in the preparation of a suspension to avoid any apparent increase
in viable cells following short sonlc exposure. Repeated tests
indicated that this apparent rise could not be accounted for on
the premise of stimulation of cells to form colonies that would
in the absence of sonlc waves fail to reproduce. On the other
hand the apparent rise in numbers could be accounted for on the
basis that the sound waves broke up chains and clumps of cells
that had not been broken up by the agitaticn in the suspending
process. Accordingly the following technique was developed which
for most strains used resulted in suspensions which did not show
a great rise in numbers following brief sonic irradiation. Cul-
tures for suspensions were made by transferring with a needle
from an agar stock culture to slants, of a medlum suitable for
the strain in question. After suitable incubation, again depend-
ing on the strain in question, each slant was washed with 2
milliliters of sterile physilological saline. Care was taken not
to dislodge any of the nutrient material.

The suspended cells from two slants were then placed in 9
milliilters of sterile physiclogical saline in a test tube, making
a total volume of approximately 13 milliliters. This,suspension
was shaken by hand for about 3 min. The hand shaking broke up
gross clumps and resulted in a smooth sugspension corresponding
to tubes #2 to #4 of a Barium Sulfate Nephelometer Standard.
Approximately 2 milliliters of this hand shaken suspension were
then transferred to 850 milliliters of sterile physiological saline
contained in a 500 milliliter Erlenmeyer flask to form the final
suspension. To further insure homogeneity, the flask was shaken
for 30 to 60 min on a Fisher-Kahn shaker.

Where broth suspensions were desired, 50 milliliters of nutri-

ent broth, contained in a 500 milliliter Erlenmeyer flask, were
inoculated with 1 milliliter of a 24 hr broth culture. Just prior
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to exposure, the flask was shaken on a Fisher-Kahn mechanical
shaker for at least 30 min.

DETERMINATION OF SONIC EFFECTS

To determine sonic effects plate counts, morphologlcal,
physiological and serological techniques were used. Counts of
viable cells were made by the plate method as recommended by
the American Public Health Association in the Ninth Edition of
Standard Methods for the Examination of Dalry Products with the
exception of medium employed and temperature of incubation.
Serial dilutiens from 1:100 to 1:10,000,000 were made with the
use of sterile 99 milliliter dilution blanks and 1.1 milliliter
milk pipettes and duplicate plates were poured for all dilutions.
The medium employed and the temperaiure of incubatlon for each
strain has been described previously.

Incubation periods were usually 43 hr but at times the plates
were re-examined at 72 hr. Colony counts were made with the aild
of a Quebec Colony Counter, and the rules of the American Public
Health Assoclation with regard to counting were observed.

To determine morphological characteristics smears were made
of the exposed suspensions and were stained by the Gram te-hnique.
Photomicrographs of stained preparations of Micrococcus pyogenes
var. aureus were made by the use of a Leitz "Micro-Ibso" camera
attached to a light microscope.

To determine physiocloglcal characteristics suspensions of
cells exposed to the sound field of the siren and prcgeny of
exposed cells were subcultured in various media to detect pos-
sible changes 1in the characteristic physiological activity of
each species of microorganism used.

In the case of Micrococcus pyogenes var. aureus exposed cells,
progeny of exposed cells, cell-free flltrates frocm both exposed
and unexposed suspensions were tested for hemolytic and cocagulase
activity. Bovine blood agar was streaked and incubated at 37°C
for 4o Hr to determine nemolytic activity. Coagulase activit
was determined according tc the procedure of Chapman et al {(2).

In this technique 0.5 millilliter of ciltrated human blood 1is mixed
with 0.5 milliliter of the sample to be tested and the mixture
incubated at 37°C for a period of 3 hr. Coagulation within the

3 hr period 18 considered a positive test for coagulase,

DETFRMINATICON OF THE RELEASE OF ANTIGENIC SUBSTANCES FROM EXPOSED
. CELLS

In all serclopical studiles cof fllitrates of suspensions expesed
to the siren Micrococcug pyogens var. aureus, sStrain II, was em-
ployed. Accordingly thls straln was used in the production of
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antisera for the serological tests.

Preparation of Vaccine. A nutrient broth culture 1ncubvated at
T9C for 24 hr was used 1in the inoculation of nutrlient agar

bottle slants. Each slant received 0.5 millliliter of the broth
culture and was incubated in a horizontal position at 37°C for
24 hr with periodic tilting of the bottle to obtain uniform
growth. At the end of the incubation pericd, 5 milliliters of
0.3% formalized physielogical saline were introduced into each
bottle and the growth placed in suspension by moderate shaking.
- The suspended cells from six bottles were pooled in a 50 miil1li-
ter test tube containing 10 glass beads. Thls tube was placed
in the Arnold at 100°C for 30 min. Sterile cotton was then
pushed through the suspension to get rid of large clumps of cells.
Next the suspension was diluted with 0.3% formalized saline to
equal tube #2 of the Barium Sulfate Nephelometer Standard. Follow-
ing this dilution the suspension was placed in a sterile KO
milliliter vaccine bottle closed by a rubber stopper. The vaccine
was tested for sterility by culturing in thiloglycollate broth.
When not in use the vaccine was refrigerated.

Immunization of Animals. The vaccine was placed ato the poste-
rior auricular veins of healthy 5 1b male albinoc rabbits by means
of a 24 gauge, three-quarter in. needle. The inoculation schedule
of the rabbits with the vaccine was as follows:

Inoculation Days after first Inoculum in milliliters
inoculation

1 - 005
2 2 1.0
g 4 2.0

6 E.O
5 8 .0
6 10 5.0

The rabbits were allowed to fast for a 2% hr period before bleed-
ing in order to obtain clear serum. Beginning five days after
the last inoculation, the animals were bled from the heart on
three consecutive days., Approximately 30 milliliters of blood
were drawn each time. The serum was obtained by rimming the
clot after the bleocd had stood at room temperature for 1 hr,
pipetting off and centrifuging at 30,000 rpm fer 15 min. The
:;ga obtalned from five animals were then poonled and tested for
er.

Determination of Antisera Titers by the Agglutination Test. The
standard tube method was employed in this test. The growth from
the surface of a 24 hr nutrient agar slant culture was washed
with 10 m11liliters of 0.85% saline. The suspension was homo-
genized with the aid of a pilpette filtered through cetton to

WADC TR 52..176 -9 -



remcve any clumps of cells and placed in a clean dry test tube.
The filtered suspension was diluted with 0.55% saline until it
corresponded in turbidity with tube #< of the Barium Sulfate
Nephelometer Standard. This suspension was then used as the
testing antligen.

A serles of 10 seriolopical tubes was arranged to ccntailn
dilutions of antisera ranging from 1:10 to 1:2550; 0.5 milliliger
of the respective dilution was placed in a tube. To each tube,
0.5 milliliter of testing antigen was added and the contents
were well mixed by shakling. Sensitization was accomplished by
holding the tubes in a water bath at 56°C for 2 hr followed by
overnight storage at 10°C. The agglutination titer was then
recorded. Pooled antisera made and tested in this manner showed
a titer of 1:12¢0,.

Determination of Antisera Titers by the Precipitin Test. A test-
ing antiren prepared by acid extraction of untreated cells was
used at regular intervals to check the precipitin titers of the
antisera produced. If the titer of a stored antiserum decreased
significantly, it was discarded and a fresh antiserum was used.
In the experimental work with sound treated suspensions the titer
obtained with the acid extracted antligen was routinely compared
with tnhat obtained from the sound extracted antigen. The acid
extracted antigen was prepared according to the tecnnique of
Lancefield (6) for use with Streptoccccus.

Examination of Treated Material by the Preclpltin Test. FExposed
samples were filtered through a 3% Seitz filter to obtalin a cell-
free filtrate for serological study. This filtrate was used in
dilutions ranging from 1:1 to 1:16,304 1in the precipitin test.
Using Pasteur plpettes, O.1 milliliter portions of the seriles of
filtrate dilutions were layered over C.,l milliliter portions of
undiluted antiserum in a series cf 15 serological tubes 6 x 50
mm in size. In addition tc the filltrates from exposed suspensions,
filtrates from unexpcsed suspensions were layered over antiserum.
Also the exposed and unexposed filtrates were tested apgainst
normal rabblt serum. Sensitization was accomplished 2t room
temperature in a perlod of 1 hr. The appearance of a white ring
at the Junction of two layers constltuted a positive test.

Th 52176 - 10 -




SECTION III
SIREN EXPERIMENTS
THE SIREN

The source of sound illustrated in Pigs. 1, 2 and 3 used in
thease experiments is an air-driven siren designed by Allen and
Rudnick (1). When it is in operation, compressed air 1s released
in bursts upward from the top face of a metal chamber. This air
emerges from the chamber into the open through 100 small vertical
holes drilled in the top face, spaced at equal intervals on a
circle 6 in. in diameter. These holes are alternately opened and
¢losed simultaneously by 100 teeth spaced evenly on the periphery
of a whirling stainless steel rotor which fits snugly against
the top face of the chamber. A sound field is generated by the
resulting regular serles of air bursts; its fundamental frequency
is equal numerically to the number of teeth cutting past a given
outlet port per sec and with this the siren can be varied from
4 to 3% ke. In general the spectrum at any point in the field
contains meny higher harmonics in addition to the fundamental.
Although the intensity of these harmonics was very large at some
places no attempt was made to evaluate thelr possible effects on
the blological results. We have records of only one set of
measurements which was made to compare the total intensities with
the fundamental intensities. On the basis of this single experi-
ment made in the absence of the bacterial exposure chamber, it
was decided that the harmonics made a very small contribution to
the problem. No other measurements were made of anything but the
fundamental. In reporting these experiments we realize that this
Gisastrous gap in the data makes a reasonable interpretation
little more than guess work.

When a sound fleld exists in a fluid such as alr or water,
it implies that there are cyclic variations in time of the den-
sity, pressure, temperature and velocity of portions of the flufd.
Variations of these quantities are by no means always proportional;
thus at some points in a field the pressure variations may be
large while those of the velocity are small, or the reverse may
be true. Measurements will be reported here of tine sound pressure
in reglons of interest; the instantaneous value of this guantity
is defined a&s the difference (positive or negative) between the
actual pressure in some region at a glven instant and the time-
averaged value of the pressure in that region. If several harmonics
are present, the pressure amplitude may be determined separately
for each. As mentioned before, it is recognized tihat 2 sound
field 1s not completely specified by knowledge of the Sound pres-
sure distribution; this quantity 1s selected for consideration
since 1t can be measured conveniently. Illowever it is not at all
clear that the sound pressure 1s the significant variable to
measure. It would be desirable to have data on at least one other
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variable such as the particle velccity which i8 not simply
related to the sound pressures in the complex acoustic fields
present in the exposure chambers used. However sound pressure
measuring devices were the only {ype available to the experi-~
menters when the research was carried out.

The measurements of sound pressures were accomplished by use
of a ceramic probe microphone. When the tiny sensitive element
of this unit is placed in a selected region cf a sound fleld, it
generates ain alternatling voltage whose {requency is that of the
sound and whose magnitude 18 proportional to the sound pressure
in the region of interest. The frequency and magnitude of this
voltage are measured with an electronic analyzing system. Fre-
quencies of the socund are determined by such an arrangement to
within about + 3% maximum error. On the other hand, the absolute
measurements of scund pressures in air are subject to about #*
20% provable error, although comparison of two different sound
pressures may be made with less than 5% maximum error.

As used in the work reported here, the siren 1s mounted so
that the axis of its rotor 18 wvertical. For a given frequency
the sound pressure at any point in the fleld above the source
depends on the air flow to the siren; the socund pressure amplitude
aiways increases, within iimits, as more air 1is forced through
the generator. With both frequency and airflow fixed the point
of maximum pressure amplitude is found to be near the siren and
on 1t3 axis; here the fundamental component may bte as much as
0.1 at. pressure amplitude under favcrable conditions. The sound
pressure at points along the axis falls off steadily with height
above the sound source. Also it is found to decrease if one
proceeds radially out from the axis at any given helght; the rate
of the latter decrease 18 dependent on frequency, being preater
at higher frequencies. The region immediately near the axis 1s
referred to as the central lobe of the siren; speaking very
roughly the siren concentrates tne greater part of its sound
energy in a beam along this central lobe.

Exposures with the container; shown in Fig. 11, were made by
placing the latter vertically in the central lobe, centered on
the axls, with the Korcseal dlaphragm 15 cm above the si:en's
face. At all frequencles considered here the pressure amplitude
tor an alirflow corresponding to maximum siren output on the axis
at a height of 15 cm is about 0.08 at. or 168 db above the thresh-
old,* before the exposure container is placed there; this figure
will be referred to as the [ree field value »f the sound pressure
on the axis at 15 c¢m for the conditions considered.

After the exposure container 18 placed Iin position the sound

¥ The number N of db above threshold corresponding to a pressure
emplituile p is given by:
N o= 20 1r)g_;_-‘_\(p/010002§);.
where p 18 ine pressure amplitude in dyne -om™€¢
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pressure 1s, in general, conslderably modifled from its free
field value. The free field pressure amplitude is not constant
over the area to be occupied by the lower end of the container.
The greatest free field sound pressure occurs at the axis; at
points 2.5 cm (the radius of the exposure container) off the
axis, the free fleld sound pressure may be down by a factor of

several db.

Measurements were made of pressure ampl’tudes for the fun-
damental frequency as they existed in liquid samples under actual
exposure conditions. In sc doing the bacterial suspension was
replaced by an equal volume (30 milliliters) of dsgassed water.
Readings were found to be erratic if air was present. Results
for 6:%, 10.0, 15.0 and 24.5 kc are presented in Pigs. 4 and 5.
These measurements are subject to an error of almoat + 306. In
Fig. 4 for 6.4 kc, as in the following graphs, it i1s shown how
pressure amplitudes vary with height above the Koroseal diaphragm;
the upper curve is for points along the axis while data for the
lower one were obtained at points just inside the stainless steel
wall of the container. Helghts are in c¢m while pressure amplitude
i3 plotted in terms of db above the free field value correspond-
-ing to a point at the center of the Koroseal diaphragm. To obtailn
actual pressure levels in db above threshold from the values given
in Pig. 4 and ir the other similar graphs in Fig. 5, simply add
to them the appropriate o field value. For example, at 6.4
ke the greatest free field level used was 168 db above threshold.
In this case the greatest pressure amplitude 1in the ccntailner,
that which exists on the axis at the bottom, is 5 + 168 i.e. 173
db above threshold; this is equivalent to about 0.13 at.

It should be noted that at any given height pressure ampli-
tude Aecreases as one proceeds horizontalli from the axis out-
ward to the wall. As may be seen in Fig. the amount of decrease
1s greatest at the bottom of the container where a difference of
nearly 5 db exists over a horizontal section. Toward the top of
the liquid, at 1.5 cm, the horizontal sound pressure distribution
is more nearly uniform. Th&s at 1.2 cm, pressure amplitude is
only 2 db greater on the axis than at the wall; at the same time,
though, both pressuregs are much less at 1.2 cm than at the bottom
of the container.

Fig. 5 shows similar measurements of pressure amplitude (for
the fundamental) at frequencies of 10.0, 15.0 and 24.5 kc. A
wide variety of sound pressure distributions 18 indicated in these
values. Measurements of a similar kind at 5.0 kc were not com-
pleted; at the bottom the pressure amplitudes on the axis and at
the wall are, respectively, 6 db and 3 db above the free field
value for this frequency.

To properly evaluate the bacterial data to be presented cer-
tain difficulties 1n ithe physical measurements should be
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appreciated. In the firsc place 1t was usually imposslble to
lreep the o:tput of tne alren constant; over the course of an
hour this often chanred as much as 3 db. o record.s are avail-
able to indicate that these chanres were elther measured or
compensated fer in any wiy. & second aifficulty was that a
very slisht Lilt in ¢he breteriol exposure chamber rodically
altered the acoustic {tield in thwe 1iguid. Since tie nrobes
covld not be sterilized, 1t was impossible to> monitoer In any
viay the acoustic fleid in the ligid. 7The third ind 12st
difficulty was the fallure to moenlt r tioe harmenle cnhatent,
Therc is no reason to belicve that Lhe harmonic content in the
liquid was the same as the free [leld iLicraonle content ot the
location of the base c¢f tue exnosure chamber. lor de we have
any data indicatine the cousistency or insi-nifica.ace of the
narmonics except cin one occasicn winleh mi;nt aave been otyplceal.,
Recent measurements ladicate ¢ tremendous dn: ¢t day variation.
The siren 1n 1ts present condition Ig sufficlently cirnred to
make meanlngless any furtner purely physical checlis. hius we
present the siren data for 1ts historical interest as o backe
cround to the whistle experiments, and as an indication cf
difficulties wnich arise in tnils type of experimental wcrk.

DEVZLOPMENT OF EXPOSURE CONTAINERS

'The development of expcsure containers sultable from the
standpoints of the tacteriosloriist and the physicist posed the
initial problem of thils investigation. The problem of 2 con-
tainer for use with the siren was first considered.

Preliminary experiments showed that laboratory rlassware was
not sultable as the rlass was apt to shatter when placed in the
sound fileld. The first metallic contalner bullt for t{nhis study
is i1llustrated in Fig. 6. It consisted of a stainless steel
ring to which a 10 1n. steel rod was attached. The volume of
the container was 2 milliliters. The top of tne contalner as
well as the bottom had to be covered with a diaphrarm to avoid
spraying of the bacterial suspension. For thics purpcese three
materials were tested, sheet rubber, scotch tape, and a plastic
known as planpak. Various methods of rlulng and {2pling these
diapihragms to the container were attempted but none proved
entirely satisfactory. The ring was discarded because: {1t was
difficult to prevent lealkagre; it could not be autoclaved; the
volume was smaller than was desired; and the contents could not
be kept cool durlng exposure.

The second metal exposure container tested is i1llustrated in
Fig. 7. It consisted of a square steel chamber inserted in a
metal pipette. Top and bottom of the contalner were covered
with sheet rubber diaphrarms. The tctal veolume of the container
was 3.5 milliliters. A thermocouple was i—~3erted in the container
and as soon as the temperature beran to rise coolling was effected

vADS TE 62.176 - 18 -
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by plunging the entire containsr into an ice bath. There was

some indication that the presence of an air bubble during

exposure resulted in lethal effects. The container was deemed
unsatisfactory and discarded because some of the suspension
remained in the pipette and was unexposed, 1t was difficult to
clean thorcughly between exposures, and the use uf rubber rendered
it unsuitable for sterilization with heat.

The tubular container illustrated in Fig. & was next tried.
It was constructed of brass and lucite and a sheet rubber diaphragm
waa employed. This was qulickly discarded because the brass was
found to be toxic to the bacteria. A contalner of similar design,
illustrated in Fig. 9, but of greater volume was employed con-
currently with the one shown in Pig. 8. Both sheet rubber and
a thin brass sheet were employed as diaphragms. The metal sheet
quickly shattered when exposed to sound and the toxic effects of
the brass made it unsuitable.

The stainless steel container 1llustrated in Fig. 10 was next
used. The volume of this container was approximately 4 milliliters.
Sheet rubber first was used as a diaphragm for this container,
but an extensive search had shown that the plastic Koroseal was
better adapted to this purpose than rubber. This plastic not only
transmitted the sound waves as well as the rubber but could be
autoclaved with little or no 111 effecta. Consequently Koroseal
was used exclusively in all further work. Cooling was effected
by attaching & lucite cup filled with ice to the top of the con-
tainer. The temperature was checked with a thermocouple. Although
satisfactory in some respects the volume was not large enough to
permit continuous exposure with periodic removal of samples.

In order to test the possibility that a tubular container
aprroximately 5 cm in diameter and 25 cm in length might prove
satisfactory, from the physical standpoint, a lucite container
of these dimensions was made and studied. As these dimensions
proved suitable from the acoustical standpoint the stainless steel
tube illustrated irn Fig. 11 was bullt and has been used in much
of the work with the siren. The Korcseal diaphragm is held in
place by rubber bands placed around the perimeter of the tube.
A lucite cup, filled with ice, screws onto the lower part of the
tube. This effectively holds the contents of the tube to room
temperature or below.

Two modifications, Flgs. 12 and 13, of the stainless steel
tube have also been used. The modified tubes are both similar
in design to the tube Just described but are 1.25 cm in diameter
and 5 cm in length. The first of these modifications, Fig., 12,
required the use of 3.3 milliliters of bacterial suspension over-
layed with 5.5 milliliters of sterile mineral oil. This tube
also has a lucite coolant Jjacket. The tube diaphragm forms the
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upper end of & resonant cavity designed to give & preasure loop
at the diaphragm. The diamster of the cavity, 1.25 cm, 18 8o
small that the gain in pressure amplitude 1¢ only about 3 db
(30%). Duz to mixing of the bvacterial suspension and the oil,
especlally during the longer exposure periods, this container
was deemed unsatisfactory. The container was then cut, Fig.

13, 8o that a Korocseal diaphragm could be inserted at the top

of the 3.3 milliliters of auspension; this eliminated the need
for mineral o1l. V¥With this container it 1is possible to place
tha spapansion in the lower part of the tube and thus expose

the cells in a sound field of maximum sound pressure and minimum
particle velocity cr to place the suspension above the second
diaphragm and conduct the exposuré in the region of miniwmua
sound pressure and maximum particles velocity. The other portion
of the tube, in each case, contained water.

These sxpoaure containers have hean deac
cal Report # 52-177 "Controlied Scnic Irradiatio
isms" by W. L. Nyborg.

in The Techni-

f Living Organ-

M e ]
w9
5 o s
®
O f»

DEVELOPMENT OF EXPCSURE TECHNIQUES

In the course of the devalopment of a suitadble exposure con-
tainer for use with the siren, it was necessary to devise new
techniques for the exposure of bacterial cultures as eazch radical
change in the contalner was made. With the development of the
gstainless steel tube shown in Pig. 11 8 technique was devised
gsuited to thia container. Thirty milliliiters of the bacterial
suspension were pipetted into the exposure container. The pipette
was placed at the bottom of the container to avoid the poseibil-
ity of drops clinging to the sides. Investigation showed that
any volume under 7 miililiters would be turbulent. This would
greetly complicate the sound field measurements, and possibly
also introduce non-acocustic effects. In order to insure suffi-
cient volume to faclilitate the removal of numerous samples and
st1l]l maintain a final volume in excess of 7 milliliters, the 30
milliliter amount was chosen. Prom the 30 milliliter volume, a
control sample of 2 milliliters was remwoved, before exposure,
and placed in a sterile test tube. The eaxposure container was
held by a clamp &nd placed with the Aiaphragm 15 cm above the
face of the siren as 1llustrated in Fig. 2. GQreat care wss used
to center the conteinar direactly over the cznter of ths siren
with ths diaphragm perfactly parallel with the face cf the siren.
At various time intervals, the siren was stopped momentarily and
8 2 milliliter sample wss removed to a sterile teet tube to be
used in the bactericlogical studles. At the conclusion of the
exposures, & 2 milliliter sample was tsaken from the original
suspensivii iu the flask and uped for a second control. If more
than &n hLour eiapsed nefore bactericlozical testing, the test
fuhes were placed in & refrigerator anéd held there until iest-
ing was started.
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In the experiments in which nutrient broth was used as the
suspending medium, the samples wWere lmmedlatsly chilled by
placing the test tubes in cracked ice, to prevent any growth
of the microorganisms. The tubes were removed to & refrigerator
before the suspension had begun to freeze.

A speclal technique was necessary for filling the exposure
tube illustrated in Fig. 12 and also for removing the sample
from this tube. The tube 18 filled by pipetting 3.3 milliliters
of suapension into the bottom of the tube and then carefully
layering 5.5 milliliters of sterile mineral o0il on top of the
suspension. Fcllowing exposure the sample is removed by punctur-
ing the Koroseal diaphragm with a sterile hypcdermic needle and
allowing the suspension to run into a sterile syringe.

The modificsation of this tube i1llustrated in Pig. 13 is
filled by pipetting 3.3 milliliters of suspension into the lower
section of the tube and then carefully stretching the Koroseal
diaphragm across the opening so that there are nc bubbles visible
in the suspensjon. Again the sample is removed by puncturing the
diaphragm with & hypodermic needle. When the suspension is placed
in the area c¢f minimum sound pressure, meximum particle velocity,
the suspension i8 simply pipetted into the container with the top
diaphragm in place and the sample is removed with a pipette.

RESULTS OF EXPOSURE OF VARIOUS SPECIES OF MICROORGANISMS
IN THE SOUND FIELD OF THE 3IREN

During the development period of exposurs containers and
techniques Serratia marcescens was employed as the test organiswm.
Pollowing the design and construction of the 2 in. stesinless steel
container for use with the siren, & study was made of possible
effects of the sound field on this microorganism. The effects of
sound on Micrococcug pyogenes var. aureus were investigated con-
currently With S6r. MArcescens. Preliminery studies indicated
significant lethal effects when M. pyogenes var. aureus was
irradiaied 1in the sound fleld of the siren if the laiter was
operated 2t a Trequency of 6.0 or 6.% %c and a free Tisld inten-
sity of 168 db was maintained. As any appreciable deviation
from thic frequency proved leas effective in the destruction of
tnis organism, & trequency of 6.0 or 6.5 k¢ was used with all the
organiams studiad.

sSerratla narcescens. A study of the growth curve of this organism
indicated that, grown in nutxient broth at roonm temperature, the
logarithmic growth phage bsgen at approximstely 5 hr after {nocu-
iation and sxtended for 2 perilod of approximately 25 hr. Declins
in numbera of viable celis =as found to begin betwesn 26 and &2

hr» following inoculation. oun the vasie of these dnoia, 24 ang 28

r cultures wers usad in the studles.
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Typical p.ate counts obtained in a series of exposures of
pignented calls of Ser. marcescens axposed at a frequsncy of 6.%
k¢ and & frees ficld Intensity of approximately 168.5 db? are
presanted in Table 1. All of the examples recorded checked with-
in an experimental error of 10%® on the duplicate controls and
within less than 10% on the duplicate platesa for each exposure
tike. One exposure, not included in this tzble, ran 2 total time
of 120 win with results similar to those zreported. All plates
ware countshle at the smsme Ailution; snd thapa waa no dacrasss
within &n experimental error of 20% and no steady decrease with-
in an axperimental e&rror.

bata typical of thoss obtained under the same &xpcsure con-
ditions but employing a non-pigmented culture of Ser. marcescans
are summarized in Table 2. It was thought that the pigment
might have some protective effect but the results obtained failed
to confirmm this, no significant lethzl effects were observed in
exposures as long as 120 min. ,

Data obtained from exposure of organisms cultured in nutrient
broth and exposed in the broth in which grown are presented in
Table 3. It is zssumed that in the case of the 28 hr culture
the cells ware actively growing at the time of irradiation. These
data do not indicate any significant destructive effect by the
scund waves employed.

Exposed suspensions and progeny of exposed suspensions were
e xanin2d periodically in an effort to detect morphological or
cultursl varistions, dbut no variations were found. Likewise no
deviation in the percentage of rough variants on the pletes was
noted.

The data presented indicate that under the conditions of
exposure used, the sound waves had no significant effect on the
stralin of Ser. marcescens employed.

Salmonella typhosa. Conditione of exposure of this microorganism
were the mame as those used for Ser. marcescans excapt that the
exposure container did not include the coolant chamber shown in
Fig. 11. The temperature was checked by a thermocouple and did
not excead 37°C. Due to the pathogenlc nature of the organism,
The whole exposure was conducted in & plywood chamber. The box
was used only for 3. typhosa and could be easily disinfected.
Exposuresgs of 90 nin proguced no detactable lethal effects on this
organism as shown in Table 4. As in the case of Ser. marcescens,
exposed samples were examined periodically for changes of a
morphological or cultural nature and none were noted.

¥E11 sound I=zvels In this section i 9.5 db

L



Table 1

Plate counts of pigmented cultures ot Serratia marcescens
in physiological saline exposed in sound fieid nroduced
by siren, frequency 6.4 kc, free field intensity 168.5 db.

Age of culture  Exposure time ~Plate count
Exposure hr min cells/milliliter
A 24 0 29,000, 000
5 38, 000, 000
10 40,000,000
20 38, 000, 000
e 33,000,000
0 36,000,000
50 29,000,000
60 34,000,000
Q0 31, 000,000
B 48 0 43,000,000
5 39,000,000
10 1,000,000
20 35, 000,000
0 3,000,000
0 41,000,000
50 31, 200,000
&0 26,000,000

90 43,000,000

S - 28 -



Table 2

Plate counts of non-pigmented cultures of Serratia marcescens
in physiological saline exposed 1in sound fleld produced by
the siren, frequency 6.% k¢, free field intensity 168.5 db.

Exposure Plate count* Plate count®*
Age of culture time cells/ cells/
Exposure hr min milliliter milliliter
A 24 0 65,000,000 50,000,000
o EO ‘74,000, 000 58,000, 000
0 68,000, 000 -
50 74,000, 000 --
60 9, 000, 000 65, 000,000
90 - 50, 000, 000
120 - 4y 000,000
B 58 0 28, 000, 000 24,000,000
30 26,000, 000 26,000,000
0 - 20, 000, 000
50 - 25,000, 000
60 28, 000, 000 20, 000, 000
70 - 19, 000, 000
90 31, 000, 000 -
120 27,000,000 -

* Separate exposures

.
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Table 3

Plate counts of pigmented cultures of Serratia marcescens
expcsed in nutrient broth, in which grown, in sound
field produced by siren, freguency 6.4 ke,
free field intensity 168.5 db.

‘Exposure Plate count¥ Plate count¥®
Age of culture time cells/ cells/
Exnosure hr min milliliter milliliter
A 0 370,000,000 230,000,000
20 360, 000, 000 236,000,000
40 70,000, 000 230, 000, 000
60 20,000,000 290,000,000
80 - 2110, 000, 000
¢] 680,000, 000
20 750, 000,000
40 680, 000, 000
60 570,000,000
80 530,000,000

* Separate exposures

“aDC TR 52176
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Table 4

Piate counis of suspension of Salmonelia typhosa exposed

in sound field produced by the asiren
6.4 kc, free fleld intensity 16

8.

frequency
5 db.

Age of culture

Exposure tine

~ Plate count

Exposure hr min cells/milliliter

A 24 0 28,000,000
30 21,000,000

60 28, 000, 000

90 26,000,000

B o o 23, 000,000
30 31, 000,000

60 16, 000, 000

C 58 0] 39, 000, 000
0 5,000,000

o} 41,000,000

90 38, 000,000

D#* 22 0 560, 000, 000
0 560, 000, 000

0 50, 000, 000

90 70,000, 000

E® b4 0] 580, 000,000
30 sk, 000,000

30 530, 000, 000

* Fxposed in nutrient broth

IR
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Streptococcus symogenes. Theca microorganisus were exposed to
Fhe eiren undsr the conditions previouily deseribed and thsre
were no obsarved lethal effects, or othsr changes, on expcaurss

P v

nf 90 min in the siren aoundA fisld.

Misroooccus verians. Due to the sliwy nature of ths suspsnsion

orme Y {3 organism, it was necessary to filter the orlginal
suspension through sterile cotton. Otherwise the procedurse was
the same &8s used prsviously. The cells were found to survive 90
min exposure in the sound field of the siren under the conditions
ussd for the other organisms thus far reported.

Micrococcus cgenes vay. aureus. By contrast with the cther
microorganisms ﬁ. giosanas var. sureus 414 show significant lethal
effects in the 80 ieid. The Initial experiments with this
microorganisk weére done to determine 2 volume of sa=ple suitable
from both the bacterioclogical and physical standpoint. Histori-
célly these wera carried out before the sxperiments Jjust degcribed
ani thesé resultz were used in setting up the experiments with
other micrcorganiceas,

It wag found the{ great turbulence occurrsd in volumea of 2
and 3 miliiliters during exposure. Although Gafinite motion
could still be observed in a volumez of 3.5 millilitera it 4id not
oeceur in larger volumes. Because of a posaidble relationship be-
tween turbulence and lethal sffects 2 zeries of exposures was
made using a volumes of 3.5 m1lliliters in the exposure chamdber.
Data obtained are pressnted in Table £ and indicate significant
Aestruction under ths physical conditions cobtained with the siren
opérating at & frequency of 6.0 ke and a free field intensity of
168 db on sxposure of %0 min.

From the bacteriological standpoint, & volums of 3.5 millili-
tere was lmpractical as a new sample had to be exposed fcr each
plate count. Volumes up to 30 milliliters were tested and al-
though nc turbulence could be observed, lethal effecis were
nbtained comparable to those cbtained using the smaller volume.

A voluz: of 30 milliliters proved sufficient to satlsly the re-
Quirements of interval sampling during exposure,

As preliminary investigations »with this microorganismz gave
irdicatiois of lethal esifectis when expossd To the sound fielid of
the sire., & more extensive investigation was undertaken. Using
Strain I, a frequency of 6.0 kc &nd maintaining a free field
tntzngity of approximately 15E.% &b a study was made of the effesct
of culture age. A 45 hr culture had been used in the preliminary
invegiigations and typlcal results obtained with the exposure con-
diticns nroduced by the givran szt that time are shown . Tubls 6
and grapnhicelly in Fig. 14, CZcmpariaon of experimentnl rosulir
using 2%, 36 and 40 hr cultures are presented in Table 7 and
gzraprically in Flg. 15. The ycunger cultures showzd a steady



Tarle 5

The effect of sound waves produced by the siren on 48 nr
cultures of Micrococcus ogenes var., aureus, Strain I;
volume of exposed sample 3.5 milLlili‘ters, freqg:iency
6.0 ke, free field intensity 168.5 4b.

Exposure time Plate count Per cent
Exposure min cells/milliliter killing
A Q 1,200,000 -
) 760,200 36.2
B 2 500,200 -
50 78,000 98.5
60 L8 ,000 99.1
C o 39,900,000 -
70 67,000 99.9

WS THE FL=176 - 33 -



decrease in viable cells during exposure as did the 48 hr cultus~es,
except that in the case of the younger cultures a hump appearsd

in the desth curve. Samples obtained after about 3C min exposure
gave higher counts than samples obtained with somewhat shorter
sxposurss. On the other hand, as shown in Fig. 15, a rather emooth
line was obtained with the 38 hr culture. Although this hump in
the curve obtained with the yocunger cultures miéy be dues in part

to some stimulating effect with short exposure, it iz probably cue
to sonic breaking of clumps of cells which escaped dispersisn in
the preparsatory shaking. If the latter is true, it weuld indicate
that wiih this strain grown under thsse conditions homogenelty is
mora readily obtained on the shaker in the case of a 38 nhr culture
than in the case of a2 younger cultfure.

Using & %8 he culture cf Strain I, a frequency of 6.0 ke and
a free fleld intensity of 168 db & comparative study of plate
counts and microscopic annearance of exposed cells was made. The
plate counts obtained are shown in Table 8 and the micreseopic
studies in Pigs. 16 to 2%. It will be noted that as the plate
count decliines, debris may be seen in the photomicrographs and as
the plate count reachesz a low level, the nusber of intact cells
is relatively few &3 compar 4 with intact cells appearing after

cnly short azposures.

A comparison of morphological and physiclogical characteristics
¥as made of the micrcorganisms prior to 2rnd follo¥ing exposure.
Unexposed cultures, exposed suspernisions and progeny of cells
surviving exposure were tested for possible changes due tc sonic
exposur@ but no changes wsra noted in ths appearance of the intact
cells, the physiolcgical characteristics or the rate of physiclogi-
cal activity of the surviving cells.

Strain 1I, & pathoganic straln of M. OgeNnas vVAr. Sueur
employed in this inveatigation, was tanteg for changes In hemclytic
sctivity and ccagulase production due to sconic axposure. Bovins
blood agar plates ware streacked with unexposed cultures, sugpen-
sions exposed for varying time intsrvals, cultures obtsined from
calls surviving exposure, cell-free flltrates of expoasd suspen-
giona and cell-ree filtrates cf unexpcsed suspensions., ZExpoeed
suspensions snd progeny of cells surviving exposure retained their
atility to produce beta hewolysis on blood agar platesa. Cell-fr=e
filtrates of unexposed suspensions produced no hemolysis but the

] Pacasr PEVomandox -6 - —
4 A&

ceili--fras filérates of suspsnsicons sxpossa to The sound £is1d I
only a few minutss were fcocund to producs bsta hemclysis. This

veems to indicate, under the physical conditions maintained during
thess oxposures, that hemolysinz were released from the desirocyed

cells,

The same suhztancazn temted for hemcliytic activity weare tastad
for cosrulase production. Expcsad guspensions and progeny of

surviving cells vemained comgulase pesitive. Cell-frea filriates
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Pig. 16 Photomicrograph of an unexposed 48 hr culture of
Micrococcus pyogenes var. aureus, 3train I.
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Fig. 17 Photomicrograph of a 38 hr culture of

Micrococcus ogenas var. aureus, Strain I3
oxposea to tEe sound field of the siren,

frequency 6.% kc, free fleld intensity
168.5 db tor 10 min.
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Pig. 18 Phetomicrograph of & 48 hr culture of

Micyrococcus ogenes var. aureus, Strain I;
axposed to tge sound field of Eﬁé siren,

frequency 6.4 ke, free fleld intensity

168.5 db for 20 min.
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Fig. 19 Photomicrograph of a 48 hr culture of
Mierococous ogenes var. aureus, Strain I;

expose ot 80 field of the eiren,
frequency 6.% kc, free field intensity
168.5 éb for 30 min.
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Pig. 20 Pnotomicrograph of a 48 hr culture of
Micrococcus pyogenes var. aureus, Strain I;
exposed to the sound field of the siren,
frequency 6.4 ke, free fleld intensity
168.5 db for 40 min.
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Plg. 21 Photomierogreph of & &8 hr culture of
Micrococcus Ogenes var. aureus, Strain I;
exposed to the sound field of the siren,
frequency 6.4 ko, free field intensity
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Pig. 22 Photomicrograph of a 48 hr culture of
Micrococcus pyogenes var. aureus, Strain I;
axposed to the sound fieid cf the siren,
frequency 6.4 kc, free field intensity
16E.5 db for 6C min.
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R &
®ig. 23 Photomicrograph of a A8 hr culture of
Micrococecus ogenes var, aureus, Strain I;
exposed to tgg sound field of the siren,
frequency 6.% kc, free field intensity
168.5 db for 70 min.
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Fig. 28 Photomicrograph of a 43 hr culture of

Micrococcus ogenes var. sureus, Strain I;
exposed to the sound field of the sirsn,
frequency 6.4 kc, free field intensity

168.5 db for 80 min.
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Table 6

The effect of sound waves produced by the siren on 24, 36 and
40 rr cultures of Micrococcus ogenes var., aureus,
Strain I; volume ol exposed sample 30 milliliters,

frequency £.0 xc, free field intensity 168.5 db.

Age of culture FExpobure time Plate count  Per cent

Exposure nr min cella/milliliter killing
A 24 0 21, 000,000 -
5 18, 000,000 13.9
10 12, 000,000 42.9
15 11,000,000 49,1
20 4,400,000 gg.l
25 4,100,000 0.5
30 12,000,000 % .8
5 5,000, 00C 76,2
0 1,900,000 1.0
B 36 0 61,000, 000 -
5 51, 000, 000 16.5
1C 30, G00, 000 50.9
15 28,000,000 g&.o
20 10, 000,000 82.2
25 8,000,000 .9
30 28,000,000 54.6
5 14,000, 000 T7.4
0 3,200,000 94,8
50 850, 000 98,6
60 840,000 98.7
70 600, 000 99.1
c %0} 0 g,000, 000 -
5 8,100,000 10.0
10 4,700,000 48. 4
15 4, 400,000 51.2
20 2,000, 000 77.8
30 5,300,000 1.2




Table 7

The affect of sound waves produced by the siren on 48 hr

cultures of Microcoecus
volume of expose

GEeNes var.
gample 3

aureus

Strain I;
millilitears. frequency
6.0 kc, free field intensity 168.5 db.

Exposure time Plate count “Per cent
Exposure ain cells/milliliter killing

A 0 3,000,000 -
1 , 000, 000 0
2 3,000, 000 0

E 2,900,000 3.4

2,900,000 3.4

5 2,800,000 6.7
B 0 3,000, 000 -

10 1,900,000 6.7

20 1,600,000 46.7

Cc 1,500,000 R0.0

0 1,200, 000 60.0

50 240, 000 g2.0

60 160,000 G8.7
e 0 , 000, 000 -

10 5 700,000 6.C

20 3, 900, 000 22,0

E 3,302,000 ga.o

10 2,900,000 2.0

50 2,400,000 52.0

60 1,800,000 64,0

85 240,000 95.2




Table 8

The efrect or sound waves produced by the siren on a 48 hr
culture of Micrococcus ogenas var, aureus, Strain I; plate
counts made in the course of a microcacopic study shown in
Figs. 17 to 25, rrequencg86.0 ke, free field

intenaity 1 5 db.
Exposure time Piate count ~ Per cent
min celis/milliliter killing
0 13, 000,000 -

10 12,000,000 9.8
20 10,000,000 20.4
EO 9, 400,000 26.6
0 8,000,000 37,5
50 7,100,000 4.6
60 3,200,000 75.0
go 190,000 85.%
0 100,000 g2.2
30 91,000 99.3
100 8,400 99.9
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of suaspensions exposed for only 10 min wers found to contain
enough coagulase to be detected in 0.5 milliliter of the filtrate.
The cell-free filtrates of unexposed suspensions were coagulase
negative.

Destruction of the organism having been indicated by plate
counts and by microscopic examination, a serological study of
the filtrates from exposed suspensions of M. pyogenes var. gureus,
Strain I1I, was undertaken in an effort to obtain further ccn-
firmation of physical disruption. A frequency cf 6.4 kc was used
for this and subsquent work instead of the frequency of 6.0 ke
Lormerly employed as physical measurements had shown that the
siren had less tendency to vary at 6.% ke than at 6.0 kc. A free
field intensity of 168.5 db was maintained, however, s8c the
change in physical conditions was not great.

The filtrates used for the precipitin test were obtained from
suspensions exposed to a frequency of 6.4 ke and a free field
intensity of 168.5 db for 90 min. These filtrates as well as
filtrates from unexposed suspensions were tested with both homolo-
gous antiserum and normal serum. An acid extracted antigen
prepared from this atrazin was also tested against the homologous
antiserum. The results obtained are shown in Table 9.

Normal serum d1d not react with filtrates of either expcsed
or unexposed suspensions. On the other hand a precipitin titer
of 1:102% was obtained with the use of filtrates from expcsed
suspensions and the homologous antiserum, in contrast with no
reaction in the series of tubes containing unexposed filtrates
and the homologous antiserum. The exposed filtrate yielded a
higher titer than did the z2cild extracted antigen emplcyel as a
control. PFrom these data 1t is concluded that, under the con-
ditions obtained at that time, exposure of this organisz resulted
in the release of significant concentrations of antigenic
fragments of cglls in the suspending medium. This is submitted
a8 further evidence of cell destruction.

Pollowing this & study was made to detsrz=ine the effects of
variation of exposure time, free field intensity, and the frequancy.
In the earlier portion of this research exposure time was inves-
tigated by means of interval sampling and plating, these earlier
studies had not included serological examinatiors of the filtrates.
A Beries of studiers was conducted, therefore, in which plate counts
ané serological {eBis were made on samples obtained at intervals
of 30 min during 90 min exposures at a frequency of 6.3 kc and a
free field intensity of 16¢.5 db. Typical of all the data obtained
in thia ssries are the results of one exposure presented in Table
10. The data show that under the conditions obtained less than
15% of the organisms are destroyed in the first 30 =in of exposure,
that about two thirds &re destroyed in the first 6C min and that
destruction of at least 9G9% may be sxpected in a period of 90 min.



Table G

Detexrmination of the precipitin titers of filtrates cof suspensions
of Micrococcus pycrenes var, a:reus, Straln II; expcsed tc scund
waves produced by tne siren for 90 min and of filtrates of
unexposed suspensions of the organism, frequency 6.4 ke,
free fileld intensity 168.5 db.

Exposed Urnexposed Acid
Exposed filtrate Unexposed filtrate extracted
filtrate with filtrate with antigen
with ardiluted with undiluved with
Antigen undiluted normal undiluted normei - undiluted
diluticns antiserum serum antiserun serum antiserum
1:1 + - - - +
l:2 + - - - +
1:4 + - - - +
1:8 + - - - +
1:16 + - - - +
1:32 + - - - +
1:64 + - - - +
1:128 + - - - +
1:256 + - - - -
1:5812 + - - - -
1:1024 + ~ - - -
1:2048 - - - - -
1:4096 - - - - -
1:8192 - - - - -
1:16334 - - - - -
Lo1TE - 45 -



Table 10

Relative effect of 30, 60 and 30 min exposures of Micrococcus
pycgenes var. a.re. s, Strain II, to sound waves prod,ced
by tne siren, freg.ercy 6.4 ke, free fileld iatensity 168.5

Exposure time Precipitin Plate co:nt Per cent
min titer cells/miliiliter __killing
0 0 2,000,000, 000 -
0 0 1,700.000,000 13.9
0 1:4 660,000,000 67.90
1:1024 200 G38.9
Table 11

Relative effect of free fleld intensities of 165.5, 167.0

and 168.5 db in the exposure of Micrococcus pyosenes var.

aureus, Strain II, to sound waves prod.uced by the siren,
frequency 6.4 ke, exposure time 390 min.

Tree fleld Precipitin Per cent
intensity in db titer killing
165.5 0 6.5
167.0 l:2 28.9
168.5 1:1024 99.9
Table 12

Relative effect of frequencles of 5.0, €.4, 10,0, 15.C ard

24,2 k¢ 1n the expos.ire of [iicrococcus pyogenes var. aureus

Strain II, to sound waves produiced by the siren, free {iel
intersity 168.5 db, expcsure time 90 min.

a

Frequency Precipitin Per cent

ir xe¢ titer Killing
5.0 1:1 16.4
6.4 1:1024 3.9
10.0 1:812 Q5.2
15.0 1:2 23.0
24,5 ) 4.2




The serclogical results obt2ined in this series of investigations
are of considersible interest. In drief, the data indicate that
1f %11ling, as shown by the plate cocun®, is less than 154 under
the conditions of this experimental work, no titer is to be
expectad in the filtrate of exposed suspensions; plate sounts
indicating killing between 15 and 20% may bs expected to be
accompanied by titers of 1:l1; killings betwsen 20 and 30% by
titers of 1:2; killings between 30 and 708 by titers of 1:2 or
1:% and killings of more than 99% by titers of the ordser of
1:512 ané 1:1024, It 1s to be understood, of eourse, that this
correlation 18 dependent upon the potency of the antiserum snd
the original cell concentration. This seems to indicate that
considerable fragmentation, probably after the cells are killed,
must occur before sufficlent antigenic material is released to
give a significant titer.

A study of the effect of variation in free fleld intensity
was made using intensities of 165.5 and 167.0 do as compared
with results chtainsd in a free fleld intenslty of 168.5 db.

A frequency of 6.5 kc and 90 min exposure time was used in this
study. ¥ith the type ~f container in usg at the time of these
experiments and the physicel limitations of the siren with this
method of exposure, a f»se field intensity of 168.5 4b was the
maximum that cculd be maintained. Tata obitainsd at there free
f1eld intensitiez are presented in Tadble 1ll1. The data indicate
that lowe=ing the frea fleld intensity from 168.5 to 167.0 db
sericusly interferes with destruction of the cells. Purther
lowering the intensity to 165.5 db results in negligible
destruction in an exposure period of S0 min. Precipitin titers
confirm the dats cbtsined by plate counts. The conclusion is
reached that under the conditions of this experimental study and
employing an exposure of 9C min lethal intensities have harely
been reached at the 168.5 db level.

On “he basis of the above results a free fiald intensity of
168.5 4b and an exposure pariod of 90 min were chosen for the
study of the effect of frequency variation. A series of expo-
sures was made using frequencies of 5,0, 6.%, 10.0, 15.0 and
2h.5 ke. Data typical of those obtained in replicate exposures
are presented 4n Table '2. GQGreatest destruction was obtained
at a frequency of 6.4 ke with that obtained at 10.0 kc closely
approaching this maximum. Destructicn at 5.0 and 15.0 kc was
comparstively minor while that obtained at 28.5 ke prcved negli-
gible. Az in previous studieg thz plats counis were confirmed
ty the precipitin titers obtailned.

The pronounced erffect cf frequency found %was unexpected and
additicnal physicsl data were neeced to expiain the results
ottaired. 1t was found tha*t sound pressure distridbutions within
the sugpension were Dy no means the same at all frequencies sven
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though a constant free ficld intensity of 168.5 db was maintained.
Fig. 25 shows the region within the suspension where the pressure
amplitude exceeds 0.08 at. In the case of 5.0, 15.0 and 24.5

ke, this region 1s relatively swall while at a frequency of 6.4

ko this region is greater. With a frequency of 10.0 k¢ this
volume is somewhat less than at 6.3 kc. Therefore, the apparent
effects due to frequency variation may well be due to changes

in pressure distridbution within the suspsnaion.

Pollowing these investigations 4ifficulties devaloped that
have not been explained satisfactorily. Consistent results
could no longer be obtained with M. gzogenes v&r. aureus although
the same techniques, with cne exception, were foliowed. Exposures
ware performsd with the diaphragm of the exposure container
placed 9, 13, 1% and 15 cm sbove the face of the siren while in
all previous exposures the distance was 1% cm.

Typlical results obtained with M. ogenes var,., aureus,
Strain I, during this period are shown In Table 13.  While in
most cases the percentsge of cells failing to grow after 30 min
exposure is greater than was found in the earlier work with this
culture, in three cases the growth obtained following exposure

&quals that of the unexposed cells. The percentage of cells

falling to grow after 90 min exposure approaches the earlier
resgults only once. Alsc the results odbtainasd from one exposure
to another show very little correlation.

Thess &ltered resultes might have bzen due to three possibie
causes none of which we c¢an gither confirm or eliminzte: first,
the harmonic content of the siren output might have changed;
second, the pressures may not have been the important physwical
quantity to measure; or third, some sort of a mutation or vari-
ation, affecting the ability of the microorganisms to survive
in the sound field may have arisen.

M. cgsnes var. aureus, Strain I, was also axposed to the
lounK'rEoIﬁ of tha siren In a container similar to ths one pre-
viously used bdut cne-hzlf in. in diameter. In this case 3.3
milliliters of bacteri-.l suspension were placed in the container
and 5.5 milliliters of sterile mineral ¢il were layered over the
suspension. Because of tne small volume of bacterial suspension
interval sampling was not possible and each exposure had to bde
=mads on & separdts aliguot of the suspegnstion,

The results cbtained using this exposure technique are
shown in Table 14. Again, in most cases, after exposure to the
sound for 30 min about 30% of the cells failed to grow. As there
wvas some mixing of the o0il and the suspension, especially during
the longer exposure periods, this may account in part for the
irrsgular resuiis ohtained,
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Table 13

Percentage of cellas of Micrococcus pyogenes var. aureus train
I, failing to grow following exposure to 6.% Kc
sound field produced by the siren.
Distance “Free field Exponure time in min

from siren intensity 30 0 90 120 18¢
9 cm 168.6 dv -- B4 76 - --

50 56 65 - -

- - = 35 --

-- 16 33 50 --

13 cn 168.6 4dv 14 16 17 38 --
35 30 29 - -

- - 15 - -

170.0 dbv 34 L) 50 - -

26 26 26 - -

78 -- 99 -~ --

40 ko - -- -

29 22 23 -- --

30 43 0 -- --

14 cm 170.0 db -~ 0 0 -- -

0 16 -- - -

15 cm 168.6 db -- 0 0 -- --
- 0 -— - -

-- 0 -- - 62
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Table 1%

Percentage of cells of Micrococcus pyogenes var. aureus, Strain I,
failing tc grew fcllowing sxposure to the sirsn sound field 4in
the 1.25 cm container using 3.3 milliliters of suspension and
5.5 milliliters of sterile mmmeral oil, frequency 6.% kc,
free field intensity 132 db, 1% ecm from the face of the siren.

- Time in min —
15 30 00 30 150
- 32 - - -
- - 14 -
- yy4 87 - -
- - 21 - -
- 34 - 34 -
- 37 - 35 -
- - - 32 -
p 52 T4 -
- - - 25
- 33 - - -
€5 - - - -
43 24 - - -
- - 85 - -
9 i7 - - -
- - 80 8z -
- 28 - 30 -




This exposure container was then mcdified, as described in
the section on development of exposure containers, s8¢ as tc
eliminate the need fcr oil. Twc microorganisams were exposed in
this container. The results obtained with M. pyogenes var.
sureus are shown in Table 15 and these with the yeast, Saccharo-
myces ceravisimse, in Table 16. In the cass of M. DJQoRenes var.
auraus about S0% of the cells failed to grow affer 35 min Exposure
In the region of maximum sound prezsure minimum particle velocity
but again no definite conclusions can be 4Arawn for in one csase
g0% of the calls failed to grow and in another there waa no
difference between the number of colonies developing {rom ths
exnosed and unexposed suspensions. The results after 90 nmin
indicate no greater effect than at 30 min wnile cxposures of
60 min indicate no significant effect resulted under the con-
ditions maintained during these two exposures. In the scund
field of minimum pressure maximum particle velocity the results
show 8sc much variation that no concluasion can be 4drawn, except
that there seems to have been less effect than that obtained in
the maxiaum sound pressure region.

Using S. cerevisiae as the test microorganism no lethal
effect was noteéd from exposure in the minimum scund presaure
maximum particle valocity region. In the field of maximum sound
prersure ajignificant effects during 30 min exposure wWere obtained
in only two of the nine exposures and twice e6ffects were obtained
in 60 min but in each case the effect was slightly less than in
30 min.

SECTION IV
WHISTLE EXPERIMENTS
THE T TYPE WHISTLE

Whistles of the Jet edgs resonator (Jer) types ara discussed
in detail in the final repcrt of the PSC Signal Corps Acoustius
Project {8)., One of the Jer whistles was modified to have two
resonant cavities, one above and the other below the edge. This
T whistle with 4{ts attached exposurs chamber is i{liustrated 4in
Fige. 26 and 27. The historical details leading to this form are
discussea by Nyborg (7).

In ite final form the lower resonant chamber is ¢losed by an
adjustable lucite plug, the top by an sxposure chambsr for liquid
samples. The axposure chawmber has stainless steel sifewalls and
is closed at the bottom by a Koroseal diaphragm which forms the
top ¢f the uppar rasonsant air cavity. The diaphragm is held in
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Table 15

Percentage c¢f cells of licrccoccus pyogenes var. aureug, Strain
I, failing to grow following expcosurc to thne sound fielid cof the
giren in the region of maximum sound pressure minimum particle
velocliiy and in the region cf minimum sound pressure
zaximum particle velccity, frequency 6.4 kc, free
field intensity 182 db, 14 cm above the face cf the siren.

Max scund pressure min ¥in pressure max
particle velcelity particle velocity
32 min HQO min G0 min 20 min 60 nin GO min
34 - - - - -
- - 0 - - -
- 19 - - - -
- 10 - 5 - -
91 - - 58 - -
33 - - 0 - -
- - 32 32 - -
3% - - - 15 -
32 - - - 11 -
L8 - - 22 - -
35 - - 17 - -
0 - - 1 - -
- - 30 - - 14
) - - - - -
#27 - - - - -

* Without resonant cavity
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Table 16

Percentage of cells of Saccharomyces cerevisiae failing tc grow
following exposure to the sound field of the siren in the
region of maximum sound pressure minimum particle velcclity

and in the region of minimum scund pressure maximum
particle velocity, frequeney 6.8 ke, free field
intensity 182 4ab, 1% cm above the face of the siren.

Max sound pressure min Min pressure max
particle velocity particle velocity
C min 60 min S0 min 30 min &L min GC min
C 0 -
48 0 -
50 - - 0 -
0 - - 0
) - - o - -
- - - - - e
- 1 -
- 0 -
2 Jo) -
®0 - -
*_ 0 -
#0 - -
L J¢) - -

amp—

* Without rescnant cavity
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place by rubter bands untlil the charmbsr is screwed on tc the main
body of the whistle. The chamber 13 filled with the suspension,
(i to 5 milliliters depending on the individual charpier used),
and the top of the chamber is clcsed with a glass ccver elip
sealed in place with sterile vareline. The alr frcm the whistle
maintaina the exposure charber at approximately room temperature.
The increased atmospheric presgure in the resonant cavity bows
the Korcseal diaphragm up, ard forces some of the suspension out
through the vaselinre. Following exposure 1 milliliter cof suspen-
sion 1s remcved directly tc & 99 milli.iter water blank.

DY levels {n the liquid are
limited by those in the air below ¢he disgphragm. In the siren
the highest values cbtalnatle were about 174 db above threshoid,
1.e. 0.14 at. prressure amplitude. By inccrpcrating the cavity
into the rescnant generator,; values 2s high as C.232 at. pressure
amplitude have been recorded. (In comparing these two values it

nould be noted that the siren data is based on rms3 measurements
of the fundamental frequency only, whereas the whistle data are
actual peak measurements. )

A2 in the girern, tre scurd pressure

It was hoped that by driving the whisties at 60 to 70 psi,
very stable sound filelds would result. Due tc personnel troubles,
this assumption wasa nct tested until after most r: the bacterio-
logical data had been taken. Fig. 28 showse a block diagram of
the equipment used for measuring the scund flelds in the liquid
ingside the whistle chamber, Distilled water was used in plsce
of the bacteriolcgical suspension and the cover g.ass was omitted.
(Unlike tre siren data we did no%t f£ind any erratic results which
could te traced to a fallure to degas the water. The ccver glass
18 80 thin that 1%t contributes very littie tc the scund field.)
Our results are shown in Table 17.

These observations indicate that for a fixed diaphrazgm and
with our probe in a fixed position in the liquid, the accustic
pressures were ccnstant to about + 10% and the frequencies to
better than + 2%. However changinrg diaphragms shifted the
frequency by several times these limits of error, and altered not
only the magnitude but alsc the relative importance of the various
overtones, The data alsc clearly polints cut the absgence cf &
simple reliationahip betwecn the peak and absclute pressure amp.i-
tudes. The wave shape i1s extremely complex and difficult to
arialyze. Nonethreless cne can approximate the sourd field Iin the
expogure chamber 28 the sum of two plane waves one moving up and
the cther down. These are described mathemztically by the follow-
ing equations:
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Fig. 28 Block diagram of equipment used for measuring the scund
fialds in the 1iguid inside the whistle chamber.




Table 17

Prequency in kc at position TA

1 1 2 2 5 .k 5
P r P, H3 H3 HZ HS H§ Hg H H3 H3
5 6.0 5.8 11.9 - 18 - 2 - 33 -
10 6.1 6.0 12.2 11.8 21 17 28 21 32 26 32
15 6.3 6.1 12. 12.2 22 19 26 21 32 28 32
20 6.256.2 12.5 12.84 22 20 23 22 32 28 33
25 6.3 6.3 12.7 1e.5 22 20 2; 22 32 28 33
30 6.3 6.3 12.6 12.6 21 20 24 23 W 28 -
5 6.2 6, 12.7 12.7 20 20 22 23 32 28 -
o 6.5 6.4 12.9 12.8 2C 20 2& 23 33 28 -
45 6.5 6.% 12,9 12.7 20 20 2% 23 33 29 -
50 6.5 6.4 13.0 12.7 20 20 24 23 33 29 25 alaso
on Run 2
5% 6.6 6.4 13.1 12.9 22 20 28 23 3% 28
60 6.6 6.% 13.1 12.9 21 20 28 23 3% =28
65 6.6 6.% 13.3 12.9 20 20 26 23 32 =28

Prequenclies in kc, variable positions diaphragm 1

Prassure 65 rsi _ 35 psi

Pos . r, Y w? ® gt P, H' w® md yt
A 1 6.6 13.3 19 26 32 6.5 12,7 19 21 31
2 6.6 13.2 19 26 32 6.5 12.8 20 26 33

g 6.7 13. 20 2% 30 6.3 12.8 20 26 33
6.7 13.3 21 22 30 6.5 12.9 20 22 32

7 6.6 13.3 20 26 32 6.2 12.7 20 23 32

B 1 6.5 13.0 21 22 32 6.2 13.1 20 23 33
2 6.6 13.1 18 21 30 6. 13.1 19 23 132

E 6.6 13.1 19 21 32 6.3 12.6 19 20 31
6.5 13.1 19 21 31 G.E 12.7 20 21 37

7 6.6 13.1 19 21 32 6. 12.7 18 20 137

c 1 6.7 13.3 19 23 31 €.% 13.4 19 22 31
2 6.6 13.2 13 22 3 6.4 12.6 19 23 3%

E 6.5 13.0 20 23 3 6.4 12,7 20 23 33
£.5 13.1 20 23 34 §.3 12.6 20 22 33

7 €.6 13.1 2C 22 32 6.3 12.6 22 23 133

Fos symbc.is see p&ages 02 and 03

- 63 -
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Table 17a

Pressures in atmospheres at positicn 7A

1 oyl 1 2 32 2
P Fl F2 F3 Hl d2 HB Hl 52 Ha
5 .03 .02 .011 .0005

10 .05 .05 '8§ .018 . 006 .009

15 .06 .10 . .03 .013 . 006

20 .00&8 .09 .003 .02 .013 .CO6

25 .09 .10 .0 .03 .03 .C06

30 10 .13 o8 .0 .03 .0 .ogg
5 .12 2 . .0 .0 .03 .0 .0 .03
0 .12 .11 .08 .oi .og .03 .0k .016 .018

hsg 1% .13 .08 05 08 '82 .03 .02 .03

59 S-S | .Cc8 .06 .05 . .03 .02 .02

55 1% .13 .09 .07 .02 .08 .03 .02 .03

60 .1k .13 .10 '83 .0% .04 .03 .02 .03

65 L1 .20 .13 . .06 .04 .07 .04 .03

£6-67 .11 .05 .03
P H}  H3 B3 H{ H3 HI Ty T, T3 PK; PKp
5 . 0003 .000% .82 .02 .05 .02

10 . 0005, .0010 .ok .07 RUERY

15 .00T  ,008 .010 .ogg .07 .09 18 .16

20 .CO0S  .007 .013 .0 .09 .09 .08 .12

25 ,009  .00T .03 .882 .10 .09 .05 .14

30 L0011 .006 A3, 1% 10 .15 .18
5 .04 .007 004 .gg .0c6 .07 .18 1% 1% .25 ,18
0 .02 .01 .00k .08 .09 .13 .14 3 .29 .16

35 . 0% .01 .006 .03 .016 .11 .16 .15 .13 .25 .20

50 .03 .02 .008 .03 .011 .08 .14 .13 .16 .31 .1

55 .016 .02 .007 .01 .0l% 008 .15 .1% .1k 26 .1

£0 .018 .02 L0088 L0166 014 .00F .13 .15 .1} .25 .17

65 .03 .08 .0 .02 .018 .03 .13 .20 .16 .26 .32

66-67 . .13 .20

For symbols mee page 62 and 63
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Key to tables

P = pressure in psi of air exciting the whistle.
P = fundamental.
H = overtone,
superscripts refer to order of overtone.
subscripga refer to different diaphragms.
e.g. Hy refers to the third overtone using diaphragm #2.

T = rms total acoustic pressure.

PK = "peak" pressure amplitude = 1/2 (max pressure-min pressure).

Diaphragms 2 and 3 were autoclaved.

Diaphragm 3 wae used 7,/24/51. Prequencies were not recorded
precigely; PK was not measured.

Diaphragms 1 and 2 were used 10/1.

P and H' measured on Hewlitt-Packard Harmonic analyzer,

m

2, H3, and H4 measured on Benham analyzer.

ol
T measured on Ballantine Electronic Voltmeter, mocdel 300, -
(Two used, first as 42 db amplifier, for very low readings).

PX measured cn screen of 208 Durmont 0scilloscepe using 29 or
49 db amplification {as needed) from Ballantine Electrcnic
Voltmeter, mcdel 3CC; voltages were ass’gned tc deflections
through use of Dumcnt 264B Voltage Calibrator.

Benham analyzer was calibrated twice an hour by comparison with
& Hewlitt-Packard Z00C oscillater whese cutput was read on
a Ballantine Electronic Veoltmeter, mcdel 300, and attenuated
by a Hewlitt-Pacxard 350B Attenuator Ret.



In this: v 1s& particle velocity; p 1s pressure; 1 1is the

J°I; ¢t is time; h 18 height below the top of the chamber; c is the
velseity of sound; and w is 2 77 timee the frequency of the sound
wave, The aubscripts u and ¢ represent Quantities associated with
the upward and downward waves respectively, whereas values

¥ithout subscripts refer to the total quantities. The above
equaticns are now added giving:

N 7 Y R N P

Pr PutPi= DOV, Q™ [Nl g4whn] & 2
P= A;/DLH*\V

Solving these one finds:

’vl: .lJ?—L
' Jowb\
For )p| = 0.3 at,, one calculates }v] at 6 kc as follows:
¢
. 0.3 %1 - m
VI = S - b em/see

Tris is admittedly & crude calculation, but should give the
correct order of magnitude.

A similar but more complex ¢-lculation for the siren indi-
cates that psak velocities of about 1 cm/Sec should have been
present near the surface of ¢i.. liquid.

The complex nature of the sound flelds in the whistle make
these extremely difficult to evaluate, The effect of the
prhysical variations on the blological results could not be
otserved since nc form of monitoring was carried out. Hence
the bacteriological results are significant only to the extent
that the average of sgeveral runs with one stralin could be 20onm-
pared to the aversage of several runs with another strain. Indi-
vidual variations of factors of iwo or more beliween runs are not
significant,

WHISTLE SURVEY

A survey was conducted to determine the relative resistance
of 13 bacterial specles to the sound field of a Type T whistle.
Where effects were obtained with the whistls operated at 65 usi
ailr pressurc cxposureswere alsc made at 60 psi air pressure. All

* These approximations can be made gince the helght of the chamber
12 gmall compared to the wavelength of scund 1n water at 6 kc;
expressed mathematlcallvy this means:

. 7 T
4 i fo - ~ ELET £ £ =

-
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exposures wars of 180 minutes duration.

Typical results of this survey, as tabulated in Table 18,
revealed that Mierococcus pyosenes var, aureus, Strain III, and
Co ebacterium michiganense were highly a2usceptible to the
sound field of the whistle when cperated at both 6C and 65 ps!
air pressure. Of the other five specles susceptible to the
sound field produced at 65 pai sir pressurs two, Corynebacterium
yerose and Pseudomonss aeruginosa, were less susceptible tc the
conditions produced at b0 psi air pressura. In the case of
Serratia marcescens and Sarcina lutea slight effects were cbserved
at 65 psi air pressure while none resulted when the whistle was
operated at 60 psi air pressure. Howsver, sound pressure measure-
mants indicate the acougiic fielda to be similar for 60 and 65
psi air pressure. Very slight effects were observed with Aero-
bacter aerogenes at 55 psi air preszure. The other six apecies
were resistant to the exposure conditions. Ovine erythrocytes
were alsc exposed under these conditions but no lysis of the
cells occurred on exposure of 50 min. However, thie was done in
the fall of 1951 several months later than most of the cther
experiments.

As the percentage of cells of M. pyogenas var. aureus fraliing
to grow following exposures of 180 min was similar to that obtain-

‘ed in the earlier work with the siren following 90 min exposure,

a tims =astudy wae conducted. Due to the small volume of the con-
tainer interval sampling was not possible so each expcsure had

tc be made on a separate aliquot of the suspension and two suspen-
sions wers usad. The results of these exposures are shown in
Table 19,

it wae found that 30 min exposure to the whistle resulted in
approximately 90% of the cells failing to grow while an equal
exposure to the sound field of the siren had resulted earifer
in approximately 99% of the cells failing to grow.

Also 1t 18 interesting to note that slight effects were
obtained with Serratia marcescens while this species had been
resistant to the conditions established in the sound field of
the siren. 38tireptococcus 2 enas and Misrococous varians were
resistant to both the wnistle and the siren sound fields.

Exposures were made in October 1951 on suspensicns of N.
ogenes var. sureus, Strain III, that had been degassed Jjust
prior to exposure. This was undartaien in an attempi to mee
whether or not the presence of gas (air) altersd the effects of
the scund. Because of the length of time needed to cdtsin =ig-
nificant effects it was impossible to maintazin the suspension in
a gas 1ree state during the entire run.
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Table 19

Percentage of cells of Micrococcus pyogenes var, aureus, Strain
11I, railing to zrow following expcsure to the sound field of
ths whistle operated at 65 pa! air pressure
for varying time intervals.*

Time in min Exposure #1 ExXposure #2
go 78 68
0 88 85
g0 g2 89
120 30 90

# This data was taken in June 1951 and could not be repeated in
October 1951



SECTION V
CONCLUSIONS

The complex nature of the sound fields in the liquids and
the lack of reproducibllity from one run to the next made the
physical interpretation of the data almost impossible. More-
over, 1t was impossible to determine if cevitation was the
eritical phenomenon involved. Most acoustic tacteriocide {or
bacterioatasis) has been shown to depend on cavitation by
observing the decreased lethal effects 1f the suspension was
either degassed or subjected toc an increaged hydrostatic
pressure. The latter was impcssible with any of the exposure
chambers used because a thin flexitle coupling membrane wes
necessary between the air berne sound and the liquid; any
diatortion of this membrane by excess pressure would alter ths
sound field. Degassing was useless because in the lengths of
time necessary to conclusively demonstrate that anything was
happening to any culture now on hand (one hour or more) the
suspension would have probably bescome completely regassed by
t he bacteria themselves.

The absence of suiltable messuring equipment made it impossible
to determine the particle velccitles in the 1liquid. The coaplex
character of the sound field made it difficult to determine the
affact of varying the frequency and impossivlie to compare the
siren and whistla results. Thus it 1s imposaible to state from
these sxperiments what physical factor, or factors, were respon-
sible fcr the lethal results.

The extrsmely long exposures necesssary with sither the
whistle or siren and the apparently few species affected by these
fields make both of these Iimpractical instruments for antigen or
enzyma extractions. The sound fislds in liquids are limited by
the sound pressure in the alr., Due to the relative incompressi-
bility and the much greater density of liquids the sound pressure
(0.3 gt.) which corresponds to large intensities in air (100
w cm~<) corresponda to negligible intensities in liquids (0,03
w cm~2). Thus it 1a clear that high intensity air borne sound
generators will naver be practical for producing high intensitiles
in 1liquids.

In spite of these difficulties, it 13 possidle to draw eeveral
meaningful conclusions from these experiments. Perhaps the moat
striking is the fact that sound fields generated in air can be
transmitted to a liquid at a sufficientiy high level to produce
lethal effects on bacteria. This has been accomplished without
any focussing in the liquid. The sharp threshcld for these
effects is indicated by the Micrococcus ogenes VAar. aureus
studies on the siren and 2ls:> Dy the contrast between tne whistle
arrd siren results. Althcugh the rms acoustic pressures in the
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whistle chambers were only about twice the rms values in the
8iren exposure tubes, Serratis marcescevs which was apparently
unaffected in the siren 55313 (1.e. Tethal effect 1es8s than
the 258 1imits of error) was 358 killed in “ > whistle chambaer
in three hours,

In the case of M. QTO%GRQ! var. aureus this lethal effect
was accompanied by the actua reaking of the cells. This is
“llustrated in the photomicrographs of samples treated in the
3ound field. The breaking probably occurred in more than cne
step since longer exposures wWere nacessury to release a given
percentage of antigen than tc alter the reproductive abllity

of the culture.

Perhaps the most interesting conclusion from the whistle
data 1s the fact that the various specles could be placed in
a sequence according to theiy sensitivity to the sound field.
All of these dacteria aras much less sensitive than red blood
cells to a more intense sound field, but were destroyed at
significant rates in the whiastle chamber where rad blood cells
recain unaltered., Thus one cannot help but wonder if the 2ffects
are due to the sonic field alone; no other alternative is
suggested however. No coreelation could be found between the
physical or physiclogical characteristics of the bacteria asnd
thelir sensitivity to the whistle fields. Nor were the observed
morphoclogical characteristics of the progeny of surviving cells
altered.

SECTIOR VI
SUMMARY

The lethal effects of low intensity sound in liquids were
studied using several species of bacteria. The acoustic fields
ware generated in some of the experiments by a siren, in the
remainder by a2 Jjer T type whistle. Special techniques and exposure
chambers had to be developed to make these experiments poegsible.
The experiments failed to elucidate the mode cf action of the
acoustic field in producing lesthal effects. The data do show that
bacteria in suspension can be “killed™ at these low sound lesvels,
and that some actual cellular disruption does occcur. The repults
also indicate an extremely sharp threshold for these effects, and
& relative scale of bacterial sensitivity to low intensity sound
field.
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